Background {#Sec1}
==========

Insects release a wide range of volatile organic compounds (VOCs) into the environment, which may have communicative functions acting as semiochemicals, while others may be metabolic by-products, albeit precursors, for evolving purposeful communication \[[@CR1]\]. VOCs are produced in specialized cells, exocrine glands, or by associated microorganisms \[[@CR2], [@CR3]\], and may differ in chirality or ratio in closely related insect species \[[@CR4]\]. Pheromone composition may vary within populations of the same species, but they may also be associated with species-specific recognition \[[@CR5]\]. Nonetheless, pheromone compounds used by closely related species have structural similarities, suggesting common biosynthetic pathways \[[@CR5]\]. As a result, VOC profiles can be used as characters for phylogenetic inferences \[[@CR6], [@CR7]\].Fig. 1Discriminant analysis of volatiles released by disturbed adults of species of the *phyllosoma* complex. **a** Females. **b** Males. Each point represents one specimen on the canonical axis. Polygons enclose specimens of each species. DF1 and DF2 represent the discriminant function 1 and 2, respectivelyFig. 2Discriminant analysis of compounds identified in GBs in species of the *phyllosoma* complex. **a** Females. **b** Males. Each point represents one specimen on the canonical axis. Polygons enclose specimens of each species. DF1 and DF2 represent the discriminant function 1 and 2, respectivelyFig. 3Discriminant analysis of compounds identified in MGs in species of the *phyllosoma* complex. **a** Females. **b** Males. Each point represents one specimen on the canonical axis. Polygons enclose specimens of each species. DF1 and DF2 represent the discriminant function 1 and 2, respectivelyTable 1Relative amount (in %, mean ± SE) of volatile compounds collected from the headspace of disturbed females and males of the three *phyllosoma* complex species*Triatoma longipennisTriatoma pallidipennisTriatoma phyllosoma*No.Compound/ Sex**♀♂♀♂♀♂**13-Methyl-2-pentanone0.37 ± 0.04 (7)t0.51 ± 0.08 (6)0.32 ± 0.04 (7)0.05 ± 0.02 (9)0.11 ± 0.03 (8)23-Methyl-2-hexanone2.77 ± 0.31 (10)0.89 ± 0.16 (8)ndnd0.77 ± 0.30 (9)3.89 ± 0.97 (10)34-Methyl-2-heptanol0.11 ± 0.01 (8)tndndndnd43,5-Dimethyl-2-hexanone0.56 ± 0.03 (7)tndndndnd52-Methyl-3-pentanol0.4 ± 0.04 (8)t0.03 ± 0.01 (8)1.47 ± 0.34 (10)ndnd63,5-Dimethyl-2-hexanone isomer^a^0.04 ± 0.00 (6)tndndndnd76-Methyl-2-heptanol0.37 ± 0.05 (7)0.33 ± 0.04 (6)ndndndnd82-Hexanol0.05 ± 0.01 (8)t0.31 ± 0.07 (7)1.52 ± 0.42 (10)ndnd91-Octen-3-one0.97 ± 0.21 (7)0.31 ± 0.03 (8)0.64 ± 0.09 (9)0.56 ± 0.14 (10)ndnd103-Methyl-2-hexanol0.38 ± 0.04 (8)0.32 ± 0.04 (6)0.84 ± 0.22 (7)0.36 ± 0.08 (10)ndnd113-Methyl-2-hexanol isomer^a^t0.11 ± 0.02 (6)ndndndnd12*cis*-Rose oxide9.82 ± 1.61 (10)nd7.53 ± 1.17 (10)nd8.81 ± 4.07 (10)nd13*trans*-Rose oxide5.63 ± 0.83 (10)nd5.62 ± 2.06 (10)nd2.43 ± 0.53 (10)nd142-Nonanolt0.69 ± 0.12 (7)ndndndnd151-Octen-3-ol1.73 ± 0.23 (6)0.11 ± 0.02 (7)0.16 ± 0.02 (8)0.56 ± 0.15 (5)ndnd163,5-Dimethyl-1-hexenettndndndnd17Decanal0.86 ± 0.16 (7)t2.36 ± 0.5 (7)3.04 ± 0.69 (8)ndnd18Propanoic acidndnd0.76 ± 0.15 (10)0.38 ± 0.07 (10)0.33 ± 0.10 (10)0.41 ± 0.09 (10)19Isobutiryc acid75.78 ± 3.16 (10)96.77 ± 0.43 (10)77.24 ± 5.11 (10)90.34 ± 2.11 (10)87.23 ± 4.83 (10)94.73 ± 1.21 (10)20Pentyl butanoatendnd0.51 ± 0.17 (8)1.1 ± 0.25 (10)0.04 ± 0.01 (10)0.37 ± 0.10 (9)212-Methyl hexanoic acidndnd3.49 ± 0.94 (8)0.35 ± 0.07 (10)0.34 ± 0.09 (10)0.49 ± 0.10 (10)^a^Compound that was not identified by comparison to pure standards*Note*: Numbers in parentheses indicate the detection frequency for each compound (*n* = 10 samples)*Abbreviations*: *t*, traces (\< 0.1% abundance); *nd*, not detectedTable 2Relative amount (%, mean ± SE) of volatile compounds in the effluvia of Brindley's glands of females and males of the three *phyllosoma* complex species*Triatoma longipennisTriatoma pallidipennisTriatoma phyllosoma*NoCompounds/ sex**♀♂♀♂♀♂**1Propanoic acid4.11 ± 0.69 (10)3.69 ± 0.45 (10)0.67 ± 0.11 (10)2.81 ± 0.45 (10)0.91 ± 0.16 (10)5.82 ± 1.10 (10)2Isobutyric acid90.35 ± 2.46 (10)92.56 ± 0.63 (10)91.05 ± 1.94 (10)96.31 ± 0.53 (10)98.15 ± 0.19 (10)88.01 ± 1.67 (10)3Pentyl butanoate0.56 ± 0.12 (10)0.72 ± 0.08 (10)0.63 ± 0.24 (10)0.11 ± 0.01 (10)0.25 ± 0.03 (10)0.59 ± 0.14 (1042-Methyl hexanoic acid4.98 ± 1.74 (10)3.03 ± 0.27 (10)7.65 ± 1.69 (10)0.78 ± 0.11 (10)0.68 ± 0.12 (10)5.58 ± 1.57 (10)*Note*: Numbers in parentheses indicate the detection frequency for each compound (*n* = 10 samples)Table 3Relative amount (%, mean ± SE) of volatile compounds in the effluvia of Metasternal glands of females and males of the three *phyllosoma* complex species*Triatoma longipennisTriatoma pallidipennisTriatoma phyllosoma*NoCompounds/ sex**♀♂♀♂♀♂**12-Pentanone0.19 ± 0.02 (7)0.29 ± 0.03 (8)0.1 ± 0.02 (6)1.33 ± 0.12 (7)0.15 ± 0.02 (6)t23-Methyl-2-pentanone5.58 ± 0.41 (8)9.94 ± 0.90 (7)3.11 ± 0.47 (8)12.56 ± 0.86 (8)8.63 ± 1.11 (8)2.42 ± 0.42 (7)32-Butanolndnd0.83 ± 0.14 (6)1.76 ± 0.12 (6)ndnd42-Methyl-3-buten-2-olndnd0.49 ± 0.06 (8)1.19 ± 0.12 (8)ndnd53-Methyl-2-hexanone34.65 ± 1.72 (10)45.48 ± 3.07 (10)8.93 ± 0.94 (10)18.52 ± 2.34 (9)73.99 ± 0.08 (9)90.84 ± 1.12 (9)64-Methyl-2-heptanol1.1 ± 0.06 (7)1.44 ± 0.09 (8)1.35 ± 0.15 (6)3.1 ± 0.56 (7)ndnd73,5-Dimethyl-2-hexanone3.57 ± 0.30 (8)3.14 ± 0.26 (7)0.44 ± 0.06 (7)2.69 ± 0.23 (8)t1.2 ± 0.13 (7)82-Methyl-3-pentanol4.44 ± 0.23 (9)1.75 ± 0.13 (6)1.03 ± 0.08 (8)4.82 ± 0.58 (7)ndnd94-Methyl-2-pentanol0.15 ± 0.01 (8)0.17 ± 0.02 (5)ndndndnd103,5-Dimethyl-2-hexanone isomer^a^0.12 ± 0.01 (8)0.17 ± 0.02 (8)ndnd0.2 ± 0.04 (8)0.84 ± 0.13 (7)116-Methyl-2-heptanol13.42 ± 1.01 (6)17.57 ± 1.18 (7)2.95 ± 0.16 (6)1.15 ± 0.14 (5)0.4 ± 0.07 (7)2.91 ± 0.40 (8)122-Methyl-1-butanolndnd1.11 ± 0.20 (7)3.6 ± 0.51 (6)tt135-Methyl-2-heptanol0.1 ± 0.01 (7)0.15 ± 0.02 (6)ndndndnd142-Hexanol0.16 ± 0.01 (9)0.49 ± 0.04 (7)0.4 ± 0.03 (8)3.58 ± 0.45 (7)ndnd152-Heptanolndndndnd0.22 ± 0.04 (6)t161-Octen-3-one1.8 ± 0.19 (10)1.48 ± 0.12 (9)0.61 ± 0.05 (9)1.55 ± 0.20 (9)0.28 ± 0.03 (8)t173-Methyl-2-hexanol0.37 ± 0.05 (10)7.87 ± 1.40 (9)4.79 ± 0.05 (9)13.35 ± 1.45 (8)1.04 ± 0.17 (9)0.9 ± 0.18 (8)183-Methyl-2-hexanol isomer^a^0.18 ± 0.01 (6)0.41 ± 0.05 (8)0.68 ± 0.89 (7)1.74 ± 0.17 (6)0.1 ± 0.01 (7)t192-Decanolndnd3.67 ± 0.04 (6)19.65 ± 1.77 (7)0.25 ± 0.06 (5)0.2 ± 0.04 (8)20*cis*-Rose oxide10.87 ± 0.41 (10)nd44.42 ± 0.53 (8)nd11.25 ± 0.83 (8)nd21*trans*-Rose oxide3.84 ± 0.41 (10)nd17.66 ± 2.58 (9)nd2.43 ± 0.43 (9)nd222-Nonanol1.24 ± 0.13 (7)6.69 ± 0.1 (6)ndndndnd231-Octen-3-ol16.27 ± 1.79 (9)6.69 ± 0.63 (7)3.03 ± 0.10 (7)3.49 ± 0.41 (8)0.12 ± 0.01 (8)0.11 ± 0.03 (8)243,5-Dimethyl-1-hexene0.18 ± 0.01 (8)0.84 ± 0.06 (9)ndnd0.19 ± 0.02 (7)0.14 ± 0.03 (7)25Decanal1.78 ± 0.11 (10)1.44 ± 0.14 (9)4.41 ± 0.50 (8)5.92 ± 0.48 (9)1.15 ± 0.12 (8)t^a^Compounds not identified by comparison to pure standards*Note*: Numbers in parentheses indicate the detection frequency for each compound (*n* = 10 samples)*Abbreviations*: t, traces (\< 0.1% abundance); nd, not detected

Triatomine bugs have two principal exocrine glands: the Brindley's (BGs) and the metasternal (MGs) glands \[[@CR8]\]. Previous studies demonstrated that these glands in some triatomines produce and release VOCs for alarm and sexual behaviour \[[@CR9]--[@CR12]\]. BGs of most triatomines primarily release isobutyric acid, a highly conserved compound in both North and South American sub-clades of the Triatomini \[[@CR13]\]. In contrast, MGs produce multiple ketones and alcohols, most of which are species-specific \[[@CR10]--[@CR12], [@CR14], [@CR15]\]. A recent study comparing exocrine volatiles among the three primary *dimidiata* complex haplogroups demonstrated subtle but specific differences in production and secretion of VOCs between sister species \[[@CR12]\].

One of the largest and epidemiologically important triatomine species complexes in North America, is the *Triatoma phyllosoma* complex \[[@CR16]--[@CR19]\]. It only occurs in Mexico, broadly distributed from the northeastern Nearctic through to the northern Neotropical bioregion of Mexico, west of the Tehuantepec Isthmus/Chimalapas forest. Species of the *phyllosoma* complex are principal vectors of *Trypanosoma cruzi* in sylvatic and synanthropic habitats in Mexico, due to their broad opportunism for biotic interactions, and their amplification in modified habitats \[[@CR20]--[@CR24]\]. The most widely accepted taxonomic revision of the Triatominae returned all sub-species of the *phyllosoma* complex (described to that date) to species-level classification based on classical morphology (i.e. *T. phyllosoma*, *T. picturata*, *T. pallidipennis*, *T. longipennis* and *T. mazzottii*) \[[@CR16]\]. Three subsequently described species were added (*T. brailovskyi*, *T. bolivari*, *T. bassolsae*), and three further species were included in the complex based on molecular evidence (*T. gerstaeckeri*, *T. recurva* and *T. mexicana*) \[[@CR18], [@CR19], [@CR25]\]. In many regions, two or more species of the complex are sympatric, and although there is clear reproductive exclusion (after backcrossing), successful first- and second-generation reproduction between species has been reported (\[[@CR26], [@CR27]\], J. Ramsey, personal communication).

Given significant differences in VOC concentrations and aggregation or alarm behaviour among species of the closely related *dimidiata* complex, we hypothesized that VOC profiles would be similar in the *phyllosoma* complex species. Geographically, *T. pallidipennis* and *T. longipennis* are sympatric across part of their distributions, while *T*. *phyllosoma* is allopatric to both, which could have an impact on production or expression of conserved VOCs. Additionally, given novel VOCs identified in all *dimidiata* complex haplogroups, we also hypothesized that the phylogenetically close *phyllosoma* complex would share these or similar novel compounds. Alarm pheromones may give rise to a plethora of secondary compounds and behaviours, and hence by focusing on understanding disturbed behaviour, complex interactions which specifically affect speciation or population dynamics, such as improved vector fitness in modified habitats, can be analyzed. VOCs emitted by disturbed adults of *T. pallidipennis*, *T. longipennis* and *T. phyllosoma*, as well as those produced by their BGs and MGs, are therefore important not only to provide complementary genetic and ethological characters to understand speciation drivers and phylogeography, but their understanding is essential to develop effective and sustainable control tools effective for specific eco-demographic patterns related to land use and vector exposure potential \[[@CR28]\].

Methods {#Sec2}
=======

Triatomine populations tested {#Sec3}
-----------------------------

*Triatoma pallidipennis*, *T. longipennis* and *T. phyllosoma* colonies were established at the Centro Regional de Investigación en Salud Pública (CRISP/INSP) from collection sites where species are not sympatric. *Triatoma pallidipennis* was colonized using individuals collected across the state of Morelos, while the *T. longipennis* colony was derived from specimens from Zacatecas state, the only region where it is not sympatric with another species of the *phyllosoma* complex. *Triatoma phyllosoma* was collected from Pacific coast collection sites surrounding the Tehuantepec Isthmus (Salina Cruz, Ixtepec, Mexico). All colonies were bred to no more than four generations before new individuals from original sites were introduced to breeding pairs. All were maintained at 27 ± 2 °C, 70 ± 5% RH, and a photoperiod of 12:12 (Light:Dark). New Zealand White (NZW) rabbits were used as a blood meal source for all bugs, and these latter were fed eight days before sampling their volatiles. Fifth-stage nymphs were maintained separately and sexed once emerged, in single-sex cohorts, to ensure that adult insects used in the experiments were virgins. Experiments were performed with adults between 15 and 30 days after emergence. Each insect was sampled only once.

Volatile sampling and chemical analyses {#Sec4}
---------------------------------------

Volatiles emitted by triatomines, and those produced by MGs and BGs were sampled using solid phase microextraction devices (SPME) fitted with fibers coated with 65 μm polydimethylsiloxane-divinylbenzene (PDMS-DVB; Supelco, Belfonte, PA, USA). Previous studies have shown that this fiber efficiently samples the volatile compounds emitted by triatomine bugs \[[@CR11], [@CR12]\]. The fiber was exposed to the insect headspace for 60 min, and all samples were maintained at the same temperature and relative humidity (25 ± 2 °C and 65 ± 10% RH). In all experiments, control using the same conditions was performed before each test, using an empty flask. After the sampling period, the fiber was withdrawn and inserted into the injector of a gas chromatograph-mass spectrometer (GC-MS). The samples were desorbed for 1 min in the GC injector for analysis.

GC-MS analyses were performed with a GC Varian model CP-3800 equipped with a polar CP-wax 57CB capillary column (25 m by 0.32 mm, and 0.20 μm coat thickness) coupled with a Varian Saturn 2200 mass spectrometer (Varian, Palo Alto, CA, USA). The oven temperature was programmed for 40 °C (1 min hold), then 10 °C min^-1^ to 75 °C (0 min), then 15 °C min^1^ to 200 °C, and held for 15 min. The splitless mode was used for the injector with the inlet temperature set at 250 °C. Helium was used as a carrier gas at 1.0 ml min^-1^. Ionization was by electron impact at 70 eV. The compounds identified had relative abundance ≥ 0.1% and were tentatively identified by matching the mass spectra of GC peaks with those in the MS library (NIST 2002). The identities of the compounds were confirmed by comparing retention times with mass spectra of synthetic standards. The relative abundance of a particular compound was calculated as the proportion of its area to all GC peak areas combined.

Standard compounds for most of those identified in the headspace of disturbed bugs and exocrine glands were obtained at 98--99.5% purity from commercial sources (Sigma-Aldrich, Toluca, Mexico). 3-methyl-2-hexanone and 3-methyl-2-pentanone were donated by Dr. William F. Wood (Chemistry Department, Humboldt State University, Arcata, CA, USA); 3,5-dimethyl-2-hexanone was donated by Dr. Joselyn G. Millar (Department of Entomology, University of California, Riverside, CA, USA). 3-methyl-2-hexanol was prepared from 3- methyl-2-hexanone by reduction with sodium borohydride in methanol \[[@CR29]\]. 1-octen-3-one was prepared by sodium hypochlorite oxidation of 1-octen-3-ol \[[@CR29]\].

Volatiles released by disturbed adults {#Sec5}
--------------------------------------

Volatiles released by disturbed and undisturbed adults of the three species were identified from replicates using either three females/group, or three males/group. Bugs were gently introduced into a 50 ml borosilicate glass Erlenmeyer flask and the mouth of the flask covered with aluminum foil and sealed with masking tape. The experimental bugs were vigorously shaken for 30 s, while control bugs were not. An SPME fiber was exposed immediately to the headspace through a pin-size hole in the top of the aluminum foil. After 60 min, the fiber was withdrawn and inserted into the GC-MS injector. Ten replicates each of shaken or unshaken females or males were performed.

Volatiles produced by BGs and MGs {#Sec6}
---------------------------------

Volatile compounds from female and male BGs and MGs were identified in all *T*. *phyllosoma* complex species. Bugs were placed in a freezer at -20 °C for 5 min to avoid spontaneous emptying of the glands during processing, and ten pairs of MGs and BGs from both females and males were dissected separately under sterile water using a binocular microscope. Glands were placed in pairs into a 2 ml glass conical vial and the mouth of the vial covered with aluminum foil sealed with masking tape. The glands were crushed using a thin wire, which was introduced into the vial through a pin-size hole in the aluminum foil, an SPME fiber was then exposed to the headspace for 60 min after which the fiber was withdrawn and inserted into the GC-MS injector. Ten replicates of each sex, species, and type of gland were sampled.

Statistical analyses {#Sec7}
--------------------

Differences between VOCs released by disturbed adults and by exocrine glands among species were analyzed using univariate and multivariate methods. Means and standard deviations of abundance were calculated for each chemical compound. Since the variables were heteroscedastic, the Kruskall-Wallis non-parametric test was used for univariate analyses. The software PAD version 60 was used to compare differentially among the three species, or according to sex (10 males, 10 females for each species), for the compounds produced by MGs and BGs, or released by disturbed bugs. PAD uses a classical discriminant analysis to estimate non-parametric statistical significance (Wilks and Mahalanobis distance values) using a permutation test (1000 permutation) and uses crosschecked classification tests to validate the re-classification of discriminant analysis \[[@CR30]\].

Results {#Sec8}
=======

Volatiles released by disturbed adults {#Sec9}
--------------------------------------

Disturbed females from *T. longipennis*, *T. pallidipennis* and *T. phyllosoma* released 18, 13 and 8 compounds, respectively, while disturbed males emitted 16, 11 and 6 compounds, respectively (Table [1](#Tab1){ref-type="table"}). The compounds 3-methyl-2-pentanone and isobutyric acid were common to both sexes of all three species, the latter accounting for 76--97% of the volatiles released by disturbed bugs. The compounds *cis*-rose oxide and *trans*-rose oxide were emitted only by females of all three species. Compounds 3, 4, 6, 7, 11, 14 and 16 were exclusively emitted by *T. longipennis*, while compounds 18, 20 and 21 were found in the headspace only of *T. pallidipennis* and *T. phyllosoma* (Table [1](#Tab1){ref-type="table"}). *Triatoma phyllosoma* disturbed bugs released significantly fewer compounds as compared to those released by *T. pallidipennis* and *T. longipennis*.

There were significant differences in the relative amounts of VOCs emitted by disturbed bugs among the three species (*H* = 42.75, *df* = 5, *P* = 0.01). Disturbed females from the three species emitted significantly different amounts of 21 compounds (*H* = 19.35, *df* = 2, *P* = 0.03). However, both sexes of *T. longipennis* released similar amounts of 6-methyl-2-heptanol (*H* = 0.46, *df* = 1, *P* = 0.49) and 3-methyl-2-hexanol (*H* = 1.75, *df* = 1, *P* = 0.18), while there were no differences in the relative amounts of 3-methyl-2-pentanone (*H* = 2.64, *df* = 1, *P* = 0.10), 1-octen-3-one (*H* = 0.69, *df* = 1, *P* = 0.40), and decanal (*H* = 1.46, *df* = 1, *P* = 0.22) emitted by male and female *T. pallidipennis*. There was no difference in the relative amount of 2-methyl hexanoic acid (*H* = 1.56, *df* = 1, *P* = 0.21) released by either sex of *T. phyllosoma*, and there was no significant difference in 3-methyl-2-pentanone (*H* = 19.38, *df* = 2, *P* \> 0.05), 1-octen-3-one (*H* = 19.46, *df* = 2, *P* \> 0.05), 3-methyl-2-hexanol (*H* = 23.08, *df* = 2, *P* \> 0.05), and isobutyric acid (*H* = 11.82, *df* = 2, *P* \> 0.05) concentrations between *T. longipennis* and *T. pallidipennis*. Female *T*. *phyllosoma* emitted significantly higher amounts of isobutyric acid in comparison to *T. pallidipennis* and *T. longipennis* females (*H* = 11.82, *df* = 2, *P* = 0.002), while *T. longipennis* males released significantly higher amounts of isobutyric acid than males of the other two species (*H* = 12.43, *df* = 2, *P* = 0.002). Disturbed males secreted significantly different quantities of 19/21 compounds (*H* = 23.28, *df* = 5, *P* = 0.001), with *T. phyllosoma* males releasing fewer compounds compared to *T. pallidipennis* and *T. longipennis.* There was no quantitative difference of pentyl butanoate (*H* = 22.43, *df* = 2, *P* \> 0.05) or 2-methyl hexanoic acid (*H* = 19.83, *df* = 2, *P* \> 0.05) between *T. pallidipennis* and *T. phyllosoma* males.

Volatiles produced in GBs {#Sec10}
-------------------------

BGs of all three *T*. *phyllosoma* complex species emitted four compounds: propanoic acid, isobutyric acid, pentyl butanoate, and 2-methyl hexanoic acid (Table [2](#Tab2){ref-type="table"}). The major compound from BGs of all three species was isobutyric acid, which was also the major compound in the effluvia of disturbed bugs (Table [1](#Tab1){ref-type="table"}). There were interspecific differences of the four BG compounds among females of the three species (*H* = 10.54, *df* = 2, *P* = 0.005). BGs of *T. phyllosoma* females released the highest amount of isobutyric acid (*H* = 19.40, *df* = 2, *P* = 0.001), while there were no differences in the relative amounts of isobutyric acid (*H* = 19.09, *df* = 2, *P* \> 0.05), pentyl butanoate (*H* = 10.54, *df* = 2, *P* \> 0.05), or 2-methyl hexanoic acid (*H* = 22.00, *df* = 2, *P* \> 0.05) between females of *T. longipennis* and *T. pallidipennis*. Similarly, there were significant differences for all four BG compounds in males between species (*H* = 17.11, *df* = 2, *P* = 0.001). *Triatoma pallidipennis* males released the highest amount of isobutyric acid, as compared to *T. longipennis* and *T. phyllosoma* (*H* = 18.40, *df* = 2, *P* = 0.0001), whereas there was no difference in the relative amounts of pentyl butanoate (*H* = 16.11, *df* = 2, *P* \> 0.05) and 2-methyl hexanoic (*H* = 20.84, *df* = 2, *P* \> 0.05) acid between these latter two species.

BGs from *T. longipennis* males had a higher amount of pentyl butanoate (*H* = 6.22, *df* = 1, *P* = 0.01) than females. BGs from *T. pallidipennis* females had a higher amount of 2-methyl hexanoic acid (*H* = 14.29, *df* = 1, *P* = 0.0002) than conspecific males, while in contrast, there were higher amounts of propanoic (*H* = 13.72, *df* = 2, *P* = 0.0002) and isobutyric acid (*H* = 7.82, *df* = 2, *P* = 0.005) in males as compared to females of the same species. BGs from *T. phyllosoma* females contained more isobutyric acid (*H* = 14.29, *df* = 2, *P* = 0.0002) than males, while BGs from the same species' males contained significantly higher amounts of propanoic (*H* = 14.29, *df* = 2, *P* = 0.0002) and 2-methyl hexanoic acid (*H* = 14.29, *df* = 2, *P* = 0.0002) in comparison to females.

Volatiles contained in MGs {#Sec11}
--------------------------

MGs from *T. longipennis*, *T. pallidipennis*, and *T. phyllosoma* females contained 20, 19 and 17 compounds, respectively, while MGs from males contained 18, 17 and 15 compounds, respectively (Table [3](#Tab3){ref-type="table"}). Five compounds (2, 5, 11, 17 and 23) were present in more than trace quantities in both sexes of all three species. The principal MG compound in both sexes of *T. longipennis* and *T. phyllosoma* was 3-methyl-2-hexanone (compound 5). Although *cis-*rose oxide (compound 20) was the principal compound in *T. pallidipennis* females, the major components in effluvia of male MGs were 3-methyl-2-hexanone and 2-decanol. Compounds 3 and 4 were exclusively found in *T. pallidipennis*, while compounds 9, 13 and 22 were exclusively identified in *T. longipennis*. There was a significant difference in the relative amounts of 25 MG compounds between females of the three species (*H* = 15.68, *df* = 2, *P* = 0.0004). MGs contained, however, only 17 of the 21 volatile compounds emitted by disturbed bugs (Table [1](#Tab1){ref-type="table"}). *Triatoma phyllosoma* released the highest amount of 3-methyl-2-hexanone of the three species (*H* = 25.81, *df* = 2, *P* = 0.0001), while *T. longipennis* and *T. pallidipennis* secreted similarly high amounts of 4-methyl-2-heptanol (*H* = 19.90, *df* = 2, *P* \> 0.05). There were also significant differences for 23 (of 25) compounds identified in male MGs between the three species (*H* = 25.81, *df* = 2, *P* = 0.001). *Triatoma phyllosoma* male MGs had a significantly higher amount of 3-methyl-2-hexanone (*H* = 23.69, *df* = 2, *P* = 0.0001), while the amounts of 1-octen-3-one were similar, between *T. longipennis* and *T. pallidipennis* (*H* = 20.90, *df* = 2, *P* \> 0.05).

Interestingly, compounds 20 (*cis*-rose oxide) and 21 (*trans*- rose oxide) were only identified in female MGs of the three species. There were no significant differences in the compounds 3-methyl-2-hexanone (*H* = 0.01, *df* = 1, *P* = 0.93), 4-methyl-2-heptanol (*H* = 0.37, *df* = 1, *P* = 0.54), and 6-methyl-2-heptanol (*H* = 0.37, *df* = 1, *P* = 0.52) between males and females of *T. longipennis*, whereas there was no significant difference for only 1-octen-3-ol (*H* = 2.17, *df* = 1, *P* = 0.14) between male and female *T. pallidipennis*. There were significant differences in the amounts of 3-methyl-2-pentanone (*H* = 13.71, *df* = 1, *P* = 0.0002), 3--5-dimethyl-2-hexanone (*H* = 14.29, *df* = 1, *P* = 0.0002), 1-octen-3-one (*H* = 13.17, *df* = 1, *P* = 0.0003), and decanal (*H* = 14.29, *df* = 1, *P* = 0.0002) between male and female *T. phyllosoma*.

Intra-complex differences in disturbed, BG, and MG adult volatiles {#Sec12}
------------------------------------------------------------------

The first function of the linear discriminant analysis of 21 compounds from disturbed females explained 84.9% of the total variation, and the second function explained 15.2%. The Mahalanobis distances for females were significantly different among the three species (*P* \< 0.0001), with the discriminant plot indicating that *T. longipennis* is the most distant from both *T. pallidipennis* and *T. phyllosoma* (Fig. [1](#Fig1){ref-type="fig"}a). The Mahalanobis distance (D2) for the female group centroid indicated that *T. longipennis* is more distant from *T. pallidipennis* (D2 = 23.52), than from *T. phyllosoma* (D2 = 20.09), while *T. pallidipennis* was least distant from *T. phyllosoma* (D2 = 7.78) (Fig. [1](#Fig1){ref-type="fig"}a). The first discriminant function for disturbed males explained 74.4% of total variation, whereas the second function explained 25.6%, and the Mahalanobis distances for males indicated significant differences among the three species (*P* \< 0.01). The discriminant plot of disturbed males indicated that *T. pallidipennis* is most distant from *T. longipennis* and *T. phyllosoma* (Fig. [1](#Fig1){ref-type="fig"}b). The Mahalanobis distance (D2) for the male group centroids, indicated that *T. pallidipennis* is more distant from *T. longipennis* (D2 = 9.07) than from *T. phyllosoma* (D2 = 6.83), whereas *T. phyllosoma* males were least distant to *T. longipennis* (D2 = 5.66) (Fig. [1](#Fig1){ref-type="fig"}b).

The first function of the linear discriminant analysis of the four female BG compounds explained 90.7% of total variation, whereas the second function explained 9.3%. The Mahalanobis distances for females among the three species differed significantly (*P* \< 0.0001), and the discriminant plot separated *T. longipennis* from *T. pallidipennis,* and the former from *T. phyllosoma* (Fig. [2](#Fig2){ref-type="fig"}a). The Mahalanobis distance (D2) based on female group centroids was greater between *T. longipennis* and *T. pallidipennis* (D2 = 5.02) as compared to the former and *T. phyllosoma* (D2 = 2.99), while *T. pallidipennis* was closest to *T. phyllosoma* (D2 = 2.79) (Fig. [2](#Fig2){ref-type="fig"}a). The first linear discriminant function for male BGs explained 80.8% of total variation, whereas the second function explained 19.2%. The Mahalanobis distances for males were not significantly different between *T. longipennis* and *T. phyllosoma* (*P* \> 0.01); the greatest distance for males was between *T. pallidipennis* and *T. longipennis,* as well as the former and *T. phyllosoma* (*P* \< 0.0001). The Mahalanobis distance (D2) for male group centroids was greatest between *T. pallidipennis* and *T. phyllosoma* (D2 = 2.88), followed by the former to *T. longipennis* (D2 = 2.29), while *T. phyllosoma* males were closest to *T. longipennis* males (D2 = 1.60) (Fig. [2](#Fig2){ref-type="fig"}b).

Linear discriminant analysis of MGs between males and females included 25 compounds. The first discriminant function explained 90.3% of the total variation for females, whereas the second function for females explained 9.3%. The Mahalanobis distances for females were significantly different among the three species (*P* \< 0.0001), with *T. pallidipennis* being the most distant from *T. longipennis* and *T. phyllosoma* (Fig. [3](#Fig3){ref-type="fig"}a). The Mahalanobis distance (D2) for the female group centroids, indicated that *T. pallidipennis* was more distant from *T. longipennis* (D2 = 32.00) than from *T. phyllosoma* (D2 = 31.09), while *T. phyllosoma* was closest to *T. longipennis* (D2 = 20.22) (Fig. [3](#Fig3){ref-type="fig"}a). The first discriminant function for male MGs explained 99.3% of total variation, whereas the second function explained 0.7%. The Mahalanobis distances for males were significantly different among the three species (*P* \< 0.0001), with *T. phyllosoma* the most distant from both *T. longipennis* and *T. pallidipennis* (Fig. [3](#Fig3){ref-type="fig"}b). The Mahalanobis distance (D2) for the male group centroids indicated that *T. phyllosoma* is more distant from *T. pallidipennis* (D2 = 17.50) than from *T. longipennis* (D2 = 14.25), while *T. pallidipennis* was closest to *T. longipennis* (D2 = 14.19) (Fig. [3](#Fig3){ref-type="fig"}b).

Discussion {#Sec13}
==========

There are qualitative and quantitative differences in VOCs emitted by disturbed bugs, and produced by exocrine glands, among the three *phyllosoma* complex species. The compound profiles differ between sexes of all three species; *T. phyllosoma* released significantly fewer VOCs than the other two northern and sympatric species. *Triatoma phyllosoma*, allopatric with *T. longipennis* and *T. pallidipennis* is confined to lower altitudes immediately east and south of the Zapotecan foothills west of the Tehuantepec Isthmus, in a geographically confined semi-arid region along the Pacific coast of Oaxaca in Mexico. This species is only sympatric with *T. dimidiata* haplogroup 2 in this region \[[@CR19], [@CR24]\].

Despite vast latitudinal and altitudinal differences among the distributions of the three species of the *phyllosoma* complex, and hence important host species turnover, all three species produced and secreted the rose oxide compounds \[[@CR19]\]. This unique phenotype was independent of the biogeographical region (Neotropical and Nearctic) or allopatry, since it was conserved in all three species. It is interesting that both closely related *T*. *phyllosoma* and *T. dimidiata* complexes have independently (and recently) developed distinct unique specific VOC communication compounds. In both complexes, they are conserved through speciation, although species-level and gender-specific concentration, behaviour, or receptor differences occur between species \[[@CR31]\].

The *phyllosoma* complex MGs contained, depending on the species, between 17 and 25 compounds each, nine of which were also identified from the *dimidiata* complex, which provides additional evidence for their close phylogenetic relationships \[[@CR12], [@CR25], [@CR32]\]. Approximately 80% (17) of VOCs emitted by disturbed bugs were produced by MGs, although 10 additional MG compounds were not secreted by disturbed bugs. Some of these compounds have also been identified in the headspace of *T. dimidiata* mating pairs, one of which, 3-methyl-2-hexanone, was attractive for conspecific males \[[@CR11]\]. 3-Methyl-2-hexanone has also been reported from MGs of *D. maximus* \[[@CR33]\], a closely-related species, while 3-methyl-2-hexanol has been reported from *T. brasiliensis* \[[@CR15], [@CR34]\]. The compound 2-methyl-3-buten-2-ol is conserved at the tribal level, having been reported from *Rhodnius prolixus* of the Rhodniini \[[@CR14]\].

Rose oxide compounds have been reported in plants such as *Rosa damascena* Mill \[[@CR35]\], *Pelargonium graveolens* Ait \[[@CR35]\], *Ribes nigrum* Linnaeus \[[@CR36]\], *Hamanasu* sp. \[[@CR37]\] and *Physalis peruviana* Linnaeus \[[@CR38]\]. In insects, rose oxide isomers have been reported from the secretions of two coleopterans, for which they are thought to have a defensive function \[[@CR39]--[@CR41]\]. They have also been reported, although not for alarm, from *Melipona beecheii* \[[@CR42]\]. In the Triatominae \[[@CR33]\] and Cerambycidae \[[@CR43]\], the paired MG is located in the thorax and has reservoirs with openings near the articulated coxa of the hind legs. The oxide isomers may, therefore in females of the *phyllosoma* complex, function during copula, similar to that observed in some cerambycids which emit defensive semiochemicals from MGs \[[@CR39], [@CR40]\]. Although the relationship between chirality and behaviour-modifying chemicals perceived through olfaction has been studied in insects \[[@CR44]\], the impact of chirality on insect behaviour and for specific activities has not been analyzed. In triatomines, the two novel enantiomers, the *cis* and *trans* isomers of rose oxide, represent a paradigm for olfactory-guided behaviour. These female-specific compounds may act as sexual and alarm pheromones, or as early warning signals of predators, hypotheses currently being analyzed \[[@CR41], [@CR45]\].

One of the major BG components of the blend emitted by disturbed bugs, from all three species, was isobutyric acid. This compound has been reported as a major component from disturbed *T. infestans* \[[@CR10], [@CR46], [@CR47]\], *R. prolixus* and *D. maximus* \[[@CR48]\], the *dimidiata* complex \[[@CR12]\], and other hematophagous arthropods such as ticks \[[@CR49]\]. Isobutyric acid was the most abundant BG compound in all species of the *phyllosoma* complex, as in several other triatomine species \[[@CR8], [@CR12], [@CR50], [@CR51]\]. Some studies propose a role for isobutyric acid in alarm and defense \[[@CR10], [@CR12], [@CR47], [@CR52], [@CR53]\], in addition to its involvement in sexual communication \[[@CR11], [@CR48], [@CR54]\]. Pentyl butanoate has also been reported in bedbugs of the genus *Cimex*, while hexanoic acid has been reported in certain Diptera, as alarm compounds \[[@CR55], [@CR56]\]. Pentyl butanoate and 2-methyl hexanoic acid were identified in BGs of all *T. dimidiata* haplogroups, although neither has been reported from disturbed bugs of any other triatomine species \[[@CR12]\]. Both *T. pallidipennis* and *T. phyllosoma* secreted these compounds when agitated, but they were not secreted by disturbed *T. longipennis*, even though the latter species produces the compounds in BGs. Propanoic acid is a repellent for grain storage beetles and weevils, is secreted by Coleoptera, some aphids, and has also been reported from disturbed adult *R. prolixus* and *T. infestans* \[[@CR47], [@CR48], [@CR56]\].

Behaviourally, disturbed *T. pallidipennis* and *T. phyllosoma* emitted similar compounds, both dissimilar to those from *T. longipennis.* Additionally, this latter species emitted twice as many MG compounds when disturbed (17), compared to either of the former. Although phenetic analyses have until now reported minimal differences among species of the *phyllosoma* complex, despite phylogenetic inferences using ITS2, *cytb*, and RAPD \[[@CR25], [@CR57], [@CR58]\], this was assumed to be due to recent divergence (1--10 my) \[[@CR59]--[@CR62]\]. Similar to morphometric differences which are expected when populations select for specific behaviours and micro-environmental conditions (host nest types, geography and climate), the degree and nature of landscape modification and fragmentation patterns may also be drivers of population diversification. Analysis of VOCs in other species of the *phyllosoma* complex, and the remaining North American species complexes (*protracta*, *rubida* and *lecticularia*), will undoubtedly provide a better understanding of the phylogenetic relationships and variability between and within North American triatomines, and macro- as well as micro-environmental determinants of their distributions.

Conclusions {#Sec14}
===========

Discriminant analysis of volatile compounds from disturbed bugs, and Brindley's and metasternal glands indicate significant differentiation among the three species of the *phyllosoma* complex. The two rose oxide isomers identified in females of all three species are novel and are the first monoterpenes with a tetrahydropyrane ring reported from the Triatominae. These compounds are not found in species of the *dimidiata* complex, which share a common ancestor. Behaviourally, disturbed *T. pallidipennis* and *T. phyllosoma* (allopatric) emitted similar compounds, while both were dissimilar to those from *T. longipennis* (sympatric with *T. pallidipennis*). VOCs have provided additional evidence to discriminate species within the *phyllosoma* complex, and between the former and those from the *dimidiata* complex, despite their recent divergence. Similar analyses of the remaining species of the *phyllosoma* complex and the other North American species complexes, will provide a more complete understanding of the phylogenetic relationships at species and complex levels.
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